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ABSTRACT 
A microwave coaxial phase-shift bandstop filter 
is studied in this thesis.  In the filter two lines of 
different characteristic impedances and of different 
electrical lengths are connected in series to standard 
coaxial input and output ports.  A 180° transmission phase 
difference between the two lines causes a destructive 
interference at the output and therefore an overall total 
reflection of the power. 
The phase-shift filter is realized in the coaxial 
air line without changing the inner or outer conductor. 
Only two cylinders, a metal sleeve and a dielectric (alu- 
mina) sleeve, both thin-walled and concentric, have to be 
inserted between the inner and outer conductors of a 
straight coaxial line.  This creates the two separate 
transmission lines.  The alumina material (of high e ) in 
one line produces close to a 180° phase-shift difference 
between the two lines over a wide frequency range. 
The alumina sleeve provides a non-metallic 
sliding contact which is essential for a smooth, low loss 
tuning at microwave and millimeter-wave frequencies. 
(This position tunability feature allows the filter to 
replace an existing millimeter-wave bias filter in a 
pulse-circuit application.) 
- 1 - 
The stopband isolation of the filter is predicted 
from an equivalent circuit which considers the filter as 
two series connected transmission lines with the four 
parameters:  Z,/Z  and Z_/Z , the normalized line imped- 
ances, and £, and £~, the line electrical lengths.  The 
filter's isolation may be designed with none, one or two 
attenuation poles by suitable adjustment of these parame- 
ters.  For a) 20, 25, 30 or 40 dB stopband with two attenu- 
ating poles a maximum bandwidth of 45, 36, 28 or 14.5% is 
predicted, respectively. 
Reasons for differences in computed and measured 
performances are analyzed and a new equivalent circuit is 
presented.  The main feature is the introduction of ideal 
transformers at the input and output which account for a 
stronger coupling to the inner coaxial-line section, and 
the use of an effective dielectric constant e   .-,. < e 
r eff    r 
for the alumina-loaded coaxial-line.  As a result of this 
modified equivalent circuit close agreement between com- 
puted and performance measured at microwave frequencies 
has been achieved.  The relative isolation bandwidth 
ranged from 45 to 14.5% for minimum isolations from 20 to 
4 0 dB with dimensions chosen to be compatible with scaling 
the model to millimeter-wave frequencies. 
- 2 - 
CHAPTER 1 
INTRODUCTION 
Filters used in microwave bias circuits must 
block an RF signal from leaking out and must allow a dc or 
baseband biasing signal into the circuit.  At RF the fil- 
ter is seen as a short circuit and the tuning of the cir- 
cuit is generally strongly dependent on the position of 
the filter.  It would therefore be very advantageous to 
have bias filters tunable in position.  Then the filter, 
which is required as an RF choke, could be used addition- 
ally as a sliding short to tune the circuit. 
A phase-shift filter proposed by Deutsch and 
Zinke  looks very promising for such a tunable filter. 
It can be easily realized in a coaxial air line without 
changing its inner or outer conductor.  A thin walled 
metal cylinder inserted between the inner and outer con- 
ductors creates two separate transmission lines.  The two 
lines can show a transmission phase difference close to 
18 0° over a wide frequency range if one of the two lines 
is filled with a low loss material of proper dielectric 
constant.  This causes an incident wave which is evenly 
split between the two lines to cancel at the output. 
The function of the filter relies on the phase-shift dif- 
ference between the two lines which causes destructive 
- 3 - 
interference at the output and a total reflection of the 
power. 
The isolation characteristic is that of a band- 
stop filter.  Depending on the impedances, absolute phase 
shift, and phase difference the isolation (transmission 
loss) can be tailored to specific requirements.  It can be 
designed with none, one, or two poles of attenuation.  Two 
isolation poles flanked by two isolation zeros make it 
possible to have the transmission loss high in a certain 
frequency range and rapidly decaying to low levels out- 
side this range. 
The phase-shift filter's structure leads to a 
much lower loading capacitance than conventional L-C low 
pass filters with comparable isolation performance.  This 
is important where ultra high speed bias signals have to 
be applied through the filter. 
The coaxial phase-shift filter is a surprisingly 
simple structure and potentially of very compact size.  It 
consists only of one metal cylinder and one dielectric 
cylinder in addition to the coaxial line in which it is 
mounted. 
The filter insert consisting of a concentric 
metal sleeve and a dielectric sleeve can be made to slide 
smoothly on the center or outer coaxial conductor.  The 
dielectric sleeve provides a non-metallic sliding contact 
- 4 
which is basic for smooth, non-erratic and low loss tuning 
at microwave or millimeter-wave frequencies. 
The filter is studied on large size models at 
microwave frequencies which will later be scaled to 
millimeter-wave frequencies.  It is intended that it will 
replace existing millimeter-wave bias filters which are 
2 fxxed in position.   This filter will therefore add an 
important additional tuning parameter. 
The scaled microwave models are subject to the 
mechanical restraints an order-of-magnitude looser than 
the smaller dimensions at the millimeter-wave frequencies. 
This puts a smaller limit on the achievable isolation- 
bandwidth product at the millimeter-wave frequencies as 
compared with a filter designed strictly for the lower 
microwave region. 
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CHAPTER 2 
IDEALIZED PHASE-SHIFT FILTER 
In a phase-shift filter the incoming power wave 
is divided into two separately guided waves of approxi- 
mately equal power.  The two waves in two separate trans- 
mission lines experience a different phase shift before 
they are recombined again at the output.  In a frequency 
range where the differential phase shift is about 180°, 
the destructive interference of the two waves results in 
a highly attenuated output signal.  In a lossless or low 
loss structure the input reflection is then close to 
unity and the arrangement acts as a band-stop filter. 
A simple equivalent circuit of a phase-shift 
filter is given at the top of Figure 2-1.  Two uniform 
lossless transmission lines with characteristic impedances 
Z, and Z_ and electrical lengths £, and £~, respectively, 
are connected in series at the input and output.  The 
input and output connections are made by transmission 
lines of characteristic impedance Z .  The arrangement is 
symmetrical and either side can be the input or output. 
There are necessarily impedance steps at the 
input and output and therefore significant internal 
reflections.  The first or simple model of the filter 
based completely on differential phase shift must there- 
fore be refined.  Although the filter behavior depends to 
- 6 - 
a first approximation on the differential phase shift, a 
useful analysis must take into account the multiple 
internal reflections.  The Hewlett-Packard Model 9821A 
Calculator with its Basic Analysis and Mapping Program is 
a very effective tool for this task.  BAMP is a software 
package that enables one to analyze the frequency 
response of linear microwave circuits by reducing an 
arbitrary circuit, made up of two ports, to a single 
equivalent two port. 
Figure 2-1 illustrates three basic types of 
transmission losses:  with no pole, with one pole and with 
two poles. 
The electrical lengths of the two phase shift 
transmission lines are expressed in terms of A , the wave- 
length at the center frequency f .  Length Z,   is X  /4 and 
£» = 3A /4, which means the differential phase shift at 2    o 
f  is 180°.  With Z, = Z„ one expects therefore complete 
cancellation of the output signal or a transmission loss 
pole at f , as shown in Figure 2-1(b).  For Z2>Z1, 
Figure 2-1(a), the pole disappears and the overall 
attenuation is reduced.  For Z~<Z, , Figure 2-1 (c), two 
poles are present and the filter attenuation is more 
broadband.  Further, one observes the attenuation is sym- 
metric to f . 
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FIGURE 2-1 TYPICAL N0P0LE,1 POLE 8 2 POLE TRANSMISSION 
CHARACTERISTICS AS A FUNCTION OF 
TRANSMISSION LINE IMPEDANCES. 
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Small deviations of Z~ from Z, have a strong 
effect on the attenuation characteristic (e.g., the con- 
ditions Z2= 0.9 Z, and Z2 = 1.05 Z, are shown).  The 
attenuation bandwidth increases for decreasing Z, (and 
accordingly, decreasing Z«), as can be seen from the two 
cases Z,= Z  and Z,= 0.2 Z . 1  o     1      o 
In Figure 2-2 more detailed transmission loss 
information for a somewhat lower Z = 0.15 Z  with Z» as a 1       o      2 
variable parameter is given.  Z„= 0.85 Z  is close to a 
realized filter discussed later.  The attenuation at f 
o 
decreases rapidly with increasing Z2; for Z?= 5 Z,    (>>Z,) 
it drops to less than -1.5 dB.  With Z, fixed at 0.15 Z 
^ 1 o 
and Z_ variable, the achievable 20, 25, 30 and 40 dB iso- 
lation bandwidth is 45, 36.5, 28 and 14.5% respectively. 
Figure 2-3 shows the input return loss corre- 
sponding to the transmission loss in Figure 2-2. 
Figure 2-4 gives the input reflection phase.  At f  the 
phase is 180° and the filter acts therefore as a short 
circuit.  With the lower Z~ values, the circuit approxi- 
mates very well a short over a wide frequency range.  As 
a result, it is seen that the phase-shift principle can 
be used to construct a noncontacting phase-shift short. 
It has been shown that equal characteristic 
impedances, Z,=Z2, and 180° differential phase shift lead 
- 9 - 
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to an attenuation with a single pole at f .  What happens 
to the filter performance, if the electrical length of 
one of the two lines is changed while their impedances are 
kept constant?  Figure 2-5 illustrates the case where £„ 
differs by the factor X from 3 A /4 while £n remains J o 1 . 
A /4 at f .  Z,= Z = 0.15 Z  is also kept constant. 
o' o    1   2       o * 
For X = 1, one obtains the above mentioned one- 
pole characteristic.  When X ^ 1, two pole characteris- 
tics are predicted.  For X < 1 both poles occur higher 
than f  in frequency; for X > 1 the two poles occur 
below f .  The greater the departure from X = 1, the far- 
ther apart the poles occur and the lower the attenuation 
minimum between the poles.  A comparison between 
Figures 2-2 and 2-5 shows that one can come up with a very 
similar attenuation performance using very different com- 
binations of the parameters Z,/Z0, Z2/Zn, &, and £?. 
It was found that the similarity even goes so far, that 
for a specified minimum attenuation practically the same 
bandwidth results from either case X = 1 or X ^ 1. 
If the electrical lengths £, and &_ are changed 
by a multiple of half wavelengths at f , then the differ- 
ential phase shift and filter performance at f  is not 
changed.  The affect of this line length change on the 
overall performance is shown in Figure 2-6.  The electrical 
length parameters are therefore 
- 13 - 
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£, = X /4 + n A /2 
£~ = 3 A /4 + n A /2 2      o       o' 
(2-1) 
where n = 1, 2, and 3. 
In Figure 2-6, Z, = Z„ = 0.15 Z ; this value was used be- 
fore in Figure 2-2.  Significant bandwidth reduction is 
observed for increasing values of n.  For high values of 
n, more poles are observed, however they are separated 
by transmission zeros. 
At this point the general response of the filter 
characteristics to the filter parameters £,, l~,   Z , Z,, 
and Z- has been established.  This knowledge will be 
valuable to the discussion of realized filters in the 
next chapter. 
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CHAPTER 3 
REALIZED PHASE-SHIFT FILTER 
Series connected transmission lines needed for 
a phase-shift filter can be realized in a simple way by a 
3 4 
"double coax" structure. '   When a metal cylinder is 
placed concentrically between the inner and outer con- 
ductors of a straight coaxial air line, two homogeneous 
coaxial transmission lines result.  The outer diameter of 
the metal cylinder must be small enough and the inner 
diameter large enough so that gaps remain between the 
center and outer conductor of the coaxial line.  The two 
coaxial lines are decoupled along the cylinder and series 
connected at either end of the cylinder. 
Assume the outer gap is an air gap and the inner 
gap is filled with an isotropic dielectric material as 
shown in Figure 3-1. 
In the air gap, constituting line 1, the mechan- 
ical length L is equal to the electrical length £, 
Z1   = L (3-1) 
In the inner gap filled with dielectric material of e >1, 
the electrical length £_ is related to the mechanical 
length by 
l2  =   /iT -L (3-2) 
- 17 - 
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The characteristic impedances Z, in line 1 and 
Z„ in line 2 for TEM waves can be written as a function of 
the diameters indicated in Figure 3-1 as 
Z±  =  60   £n   (Dj/dj)   ohms,   and (3-3) 
Z2  =   (60//eTjJ   £n   (D2/d2)   ohms (3-4) 
A first-order approximation of the performance 
of the coaxial structure can be computed with these rela- 
tions by using BAMP on the HP calculator. 
In the previous chapter an idealized filter was 
assumed to have line length £., = X  /4 and £„ = 3A /4. 
^    1   o'       2    o' 
This can be accomplished by selecting e  such that 
£_/£.. = 3.  From Equations (3-1) and (3-2), 
er = (J^/J^)2 (3-5) 
which in this case gives e  =9. 3
     r 
By using alumina (aluminum oxide) with e * 9.3 
one approaches the ideal condition H-/1-.   = 3.  Alumina is 
a widely used, very low loss material in the microwave 
and millimeter wave region. 
It is advantageous to design millimeter-wave 
components on larger scaled models in the microwave range 
where computer-aided test equipment is available.  The 
following scaling procedure was used.  The millimeter- 
wave range was divided into two bands, 40 to 75 GHz and 
- 19 - 
75 to 110 GHz.  The characteristic impedance of the con- 
necting line, Z  = 60 £n 0,/d,,, was fixed at 50ft.  For the 
40 to 75 GHz band D, and d~ were chosen to be 0.069" and 
0.030", and for the 75 to 110 GHz band D, and d2 were 
chosen to be 0.04 6" and 0.02 0".  These dimensions were 
chosen to avoid higher order modes (see Appendix I).  A 
standard 14 mm 50ft coaxial line (D. = 0.562", d2 = 0.244") 
was selected for the microwave scaled model.  Since the 
frequency of operation scales inversely to the ratio of 
the line dimensions, the 40 to 75 GHz band scales to 
4.91 to 9.20 GHz and the 75 to 110 GHz band scales to 
6.14 to 9.00 GHz.   The cutoff frequency for the lowest 
higher order mode of the 14 mm line is at 9.52 GHz which 
lies above either of the scaled bands.  However, higher 
order modes may exist in the phase shift filter lines. 
These are discussed later in this chapter and in 
Appendix I. 
It was seen in the previous chapter that the 
bandwidth for a given isolation of the phase-shift filter 
becomes larger with decreasing Z. and Z~.  However there 
are mechanical considerations which impose approximately 
a 5 ohm lower limit on Z. and Z~.  The mechanical design 
limit in the millimeter-wave lines is reached much 
earlier than it would be in the 14 mm line. 
- 20 - 
The first design goal was a band-stop filter with 
an isolation >20'dB from slightly below 40 GHz (4.9 GHz) 
to 55 GHz (6.75 GHz), or more.  According to Figure 2-2, 
a filter with Z1  = 0.15'Z  = 7.5 ohms and Z» = 0.65'Z.. 
= 4.88 ohms would exhibit about 19 dB minimum isolation 
between poles. 
To be on the safe side 21 dB was chosen as a 
minimum isolation and a computer simulation yielded: 
Zx = 7.8 ohms, Z2 = 5.6 ohms, and L = 0.488" with 
e  =9.3.  One sees in Figure 3-2 that the computed curve 
'a1 covers the intended frequency range. 
The measured curve shows the expected two poles; 
however, compared to the computed performance its center 
frequency is considerably higher, its minimum loss between 
poles is higher, and its bandwidth is smaller. 
An attempt was made to see whether a predicted 
curve close to the measured one could be found from a com- 
puter simulation by modifying Z, , Z„ and £~ and keeping £, 
constant and equal to L.  And indeed a very good match was 
achieved by decreasing Z,, increasing Z„, and shortening 
the electrical length l~.     This is shown as the modified 
computed curve 'b' in Figure 3-2.  In Chapters 4 and 5 
these modifications will be justified and will lead to an 
equivalent circuit also given in Chapter 5. 
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Figure 3-3 is the corresponding plot of reflec- 
tion phase vs frequency.  Three curves are compared: 
Curve 'a' computed from the actual filter dimensions, the 
measured curve, and curve 'b* computed with the modified 
parameters. 
To obtain more insight as to how the differences 
between the measured and computed performances arise, the 
transmission loss of two additional filters was computed 
and measured.  Both filters were longer, L = 0.964" and 
L = 1.628", but the diameters - and subsequently the char- 
acteristic impedances Z, and Z» - were kept the same.  The 
same trend exists in all three cases as shown in Figure 3-4; 
the observed center frequency and the minimum loss between 
the poles is higher than computed.  The frequency shift in 
each case is about 20%.  This constant relative frequency 
shift suggests that the effective dielectric constant, 
e   csz,   in line 2 is different from the assumed value of r eff 
9.3.  This will be confirmed in Chapter 4.  As Figure 2-5 
indicates, a shift to higher frequencies could result from 
a shorter-than-assumed electrical length £2 which from 
Equation (3-2) implies a smaller effective e . 
It was mentioned that the basic 14 mm coaxial 
line supports only the TEM mode.  A refined resolution of 
the seemingly erratic measured points between 7.25 and 
7.7 5 GHz of Figure 3-2 reveals a resonance behavior 
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superimposed on the expected filter performance.  The 
expanded display in Figure 3-5 indicates the two reso- 
nances occur at approximately 7.35 and 7.56 GHz. 
From the mode analysis in Appendix I it appears 
that these are resonances of the two orthogonally polarized 
TE,, modes in the alumina loaded line 2.  No other higher- 
order mode is existent in the phase-shift section in the 
frequency range of interest. 
In a structure with perfect rotational symmetry 
the TE,, mode could not be excited from the incoming TEM 
wave.  To avoid or minimize higher-order mode excitation 
special attention must be given to a concentric design 
and to a dielectric material free from defects. 
The observed relative bandwidth of the filter 
is a function of the minimum isolation between the two 
poles as already mentioned in Chapter 2.  In Figure 3-6 
the bandwidth of the three cases illustrated in Figure 3-4 
is shown.  The measured bandwidth of a filter which will 
be discussed in Chapter 4 is also included.  For the case 
(3-4 (c)) the bandwidth was determined as if the higher 
order mode resonances were not present. 
The computed relative bandwidth agrees well with 
the measured values although, as it will turn out, the 
assumptions £~ = 31  /4 and £, = ^n/4 are not satisfied in 
the measured models. 
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The capacitive loading added to the coaxial line 
from insertion of the filter has also been measured for 
the 0.488" long structure and found to be 4.1 pf.  In an 
actual millimeter-wave filter of about one-tenth of the 
microwave size, the loading capacitance will according to 
scaling laws, also be reduced by the same scaling factor 
(i.e., the ratio of the frequencies of operation).  Ultra- 
high speed bias changes can therefore be realized through 
such a filter. 
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CHAPTER 4 
EFFECTIVE DIELECTRIC CONSTANT OF THE ALUMINA LOADED LINE 
A significant shift to higher frequencies of the 
measured filter performance compared to the computed fil- 
ter performance was found, as shown in Figure 3-2. 
Keeping i.   constant in a computer simulation and reducing 
&2 from 1.488" to 1.251" corrects this frequency shift. 
The original £„ = 1.488" resulted from a model where the 
transmission line was assumed to be filled completely 
with alumina of e  * 9.3.  The shorter £~ = 1.251" can 
r 2 
be explained, after Eq. (3-5), by an effective dielectric 
constant e   ,- that is smaller than e .  Specifically, 
r eff r   ^        J 
_  ^2     1 251" 
e
r eff = (I^} = (074887r) = 6'6' 
The reduced dielectric constant has a mechanical cause. 
The alumina sleeve between the metal cylinder and the metal 
center conductor most certainly leaves a small air gap 
with each metallic boundary, which was neglected in the 
circuit model. 
The effective dielectric constant can be esti- 
mated from electrostatic considerations by computing the 
three capacitance values corresponding to the two air 
gaps and the alumina cylinder. 
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With the same notation for the dimensions as in 
Figure 3-1 and assuming an air gap A, the three capaci- 
tance values of the outer air gap, the alumina sleeve, 
and the inner air gap are, respectively 
C 
C, = S  , (4-la) 1       D 
C •£ 
Co =  £—IA— >   and (4-lb) 
'2      D--2A 
c 
C, =  „° „A  , (4-lc) 
'3      d9+2A In (-£ ) 
d2 
where C  is a constant, 
o 
If the space between the two metallic boundaries 
is filled completely with e   „_, the resulting capaci- 
tance would be 
C •£   ^ 
c   =  o r  eff . 
eff      D0 ' (q   Z) 
£n(-^-) 
a2 
The series connection of C, , C~  and C-v has to be equal to 
C ric     Therefore err 
- 31 - 
1
  +£-+£-. (4-3) 
Ceff   Cl   C2   C3 
e   r-r-  can be found from Eq. (4-3) by substitution of 
r eff ^        J 
Eqs. (4-1) and (4-2). 
For an air gap A = 0.001", one finds 
e   £c  = 6.6, the same value which resulted from the com- r eff 
puter curve match based on the shortening of £~- 
A determination of e   CJZ  in the microwave r eff 
range has also been carried out.  For this experiment 
the filter structure was modified.  The outer diameter of 
the metal sleeve was increased to D. thus eliminating the 
air line, £,, and a short was added directly behind the 
structure.  Gaps between the metal parts were bridged with 
colloidal silver paint.  This way the incident wave is only 
coupled to the alumina filled line.  Strong parallel reso- 
nances should be observed whenever the short-circuited 
alumina line is an odd multiple number of quarter- 
wavelengths long, or for 
X 
L
 
=
 
n
 —  °      , n=l,3,5  (4-4) 
4/£   77 
r eff 
where A  is the vacuum wavelength. 
Figure 4-1 shows (over a wide frequency range) 
all the resonances up to n=ll for a 1.628" long line.  The 
- 32 - 
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resonances are clearly evident in both the magnitude and 
the phase of the reflection coefficient.  They are almost 
equally spaced, since any line-end fringe capacitances 
change the performance of the low impedance line only 
very little.  From the first resonance occurring at 
710 MHz the effective dielectric constant is computed 
from Eq. (4-4) to be e   ff = 6.53, which is consistent 
with the estimate for 0.001" air gaps. 
As outlined in Appendix I and discussed in 
Chapter 3, one expects to see some higher order mode 
resonances.  The TE,, cutoff frequency for this filter 
structure using e   ff = 6.6 is 5.1 GHz (Table 1-1).  The 
lowest observed higher order mode resonance of 5.35 GHz 
in Figure 4-1 is close to this predicted value. 
The influence of the unintended air gaps should 
be reduced by placing the alumina in the outer line and 
having the air line inside the metal sleeve.  In this 
inverted filter the wall thickness of the alumina sleeve 
is larger since the characteristic impedance should be 
unchanged.  The same air gaps should therefore have a 
smaller detuning effect in the inverted filter than in 
the normal filter (alumina line inside, air line outside 
of metal sleeve). 
The measured performance for a normal 'b' and 
an inverted filter 'c* are compared in Figure 4-2 with 
- 34 - 
{8P)SSCn  NOISSIWSNVdl 
-   35   - 
the performance 'a' computed under the assumption 
e  =9.3.  Performance 'c' has, as expected, a much smal- 
ler frequency shift than 'a'. 
By carrying out the analogous electrostatic 
estimate in Eqs. (4-1) to (4-3) on the inverted filter, 
for an air gap A = 0.001", again, one finds e   „ = 7.9. 
The effective dielectric constant for the"in- 
verted filter was also determined from microwave measure- 
ments.  The air line was again eliminated by a metal 
insert and the alumina line short-circuited.  The measured 
resonances up to n=ll are shown in Figure 4-3.  An effec- 
tive dielectric constant, e   cc =  7.79 is determined from r erf 
the n=l resonance occurring at 650 MHz.  This value is 
close to the previous estimate for the 0.001" air gap 
condition.  The higher order TE,, mode cutoff frequency 
for this inverted filter using e   ,, = 7.8 is 2.67 GHz 
r ef f 
(Table 1-1).  From Figure 4-3 the lowest observed higher 
order mode resonance of 2.95 GHz is close to this value. 
In an additional experiment an attempt to elimi- 
nate the air gaps adjacent to the alumina sleeve was 
tried.  The alumina sleeve was metallized on its outer 
cylindrical surface by evaporation of a thin gold film 
and on the inside surface by painting it with a colloidal 
silver solution.  Figure 4-4 shows the transmission loss 
performance for two normal filters of very different 
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length, and Figure 4-5 shows the performance of an in- 
verted filter.  Good frequency tracking between the mea- 
sured and computed performances for all three filters is 
observed.  Due to contact losses the poles are less pro- 
nounced, as for example in Figure 4-5. 
For a practical filter, however, the alumina may 
only be metallized on the metal sleeve side where a per- 
manent electrical connection can be made.  This way one of 
the two air gaps could be eliminated.  On the other side, 
where the alumina sleeve has to glide either against the 
inner or outer coaxial conductor, it must not be metal- 
lized to avoid an erratic and lossy filter behavior. 
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CHAPTER 5 
MODIFIED SERIES CONNECTION AND EQUIVALENT CIRCUIT OF THE 
PHASE-SHIFT FILTER 
In the previous computations a clean series con- 
nection for both sides of the two lines in the double coax 
structure was assumed.  If the series connection gives a 
valid description, a match of the computed results to the 
measured performance should then be possible with the 
parameters: 
l±  = L (5-la) 
l2  = *Veff L (5~lb) 
Dl Z, = 60 in  -j=- , and (5-lc) 
fin      D9 
Zo =        Hn  -^ (5-ld) 
'
e
r eff    z 
The numerical values for these parameters for the case of 
the normal filter with L = 0.488" are: 
l1  =  0.488" 
£2 = 1.251" 
Z, = 7.8 ohms 
Z? = 6.7 ohms 
It is seen however in Figure 3-2 that in order to achieve 
the optimum computed match, Z, had to be decreased and Z? 
had to be increased to the values 
- 41 - 
Z" = 7.5 ohms, and 
Z' = 7.15 ohms, 
A modified series connection is therefore needed to des- 
cribe the coupling properly.  Two identical general three- 
ports are introduced in Figure 5-1 to accomplish this. 
The three-port parameters have been determined experimen- 
tally for the normal filter.  The special measurement 
technique involved will be described shortly.  These mea- 
sured results will be compared with those deduced from the 
strict series connection model in order to derive a simple 
equivalent circuit for the "modified series connection" ,- 
and for the phase-shift filter. 
In the double coaxial structure only port 'a' 
(Figure 5-1) has a standard impedance where precision 
measurements can be performed easily.  Ports 'b' and 'c' 
in the double coaxial structure are not readily accessi- 
ble.  Transmission measurements from 'a' to 'b' or 'a' to 
'c1 or 'b' to 'c' are therefore ruled out.  However what 
can be done, is to place short-circuits at different 
positions in line 1 and line 2 and to characterize the 
three-port by reflection measurements at port 'a' only, as 
indicated in Figure 5-2.  In line 2 a different dielectric 
insert is needed for each different short position.  Six 
different short combinations are required to determine 
the three-port parameters. 
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Since shorts are used as reference impedances the 
three-port parameters are most easily evaluated in terms 
of admittance parameters.  For ease of a later discussion 
the Y-matrix is then converted into the equivalent S-matrix 
(scattering matrix).  Since only reflection measurements 
can be made some of the computed parameters are not 
unique.  Altogether, eight mathematically possible S- 
parameter sets result.  It takes some additional reasoning 
based on the physical layout of the structure to select 
the right set.  All steps involved in the three-port 
characterization are described in detail in Appendix III. 
We continue here with the discussion of the final result 
given in Table III-4. 
To select the right S-parameter set one recalls 
that by using the experimentally determined e   ff and 
making a small adjustment of Z. and Z» to Z:T and Zl, 
respectively, an excellent computer match was achieved. 
This implies that line end-parasitics play an insignifi- 
cant role.  For this reason the measured reflection coef- 
ficients S   should be close to those deduced from the 
nn 
computer model, Figure 5-3.  From Appendix II (Eq. (II-l)) 
Z   ,.,+Z     n-Z 
G       -     n+1     n-1     n ^c:_^ 
nn "  Z~~77+Z     7+Z~~ ^     } 
n+1     n-1     n 
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follows, where each of the indices n, (n+1), and (n-1) 
indicate one of the three ports 'a', 'b', and 'c'.  The 
numerical results for the reflection parameters in the 
model are: 
S  = .577e~jl80°, SKK= .754ej0°, S„= .823ej0° . aa bb cc 
The circuit of Figure 5-3 also leads to a first-order 
estimate of the transmission parameters (Eq. (II-8) in 
Appendix II) 
2/Z _,, »Z 
n+1
  
n (5-3) 
n+l,n   Z ^,+Z  ,+Z 
'     n+1  n-1  n 
where again the indices n, n+1, and n-1 stand for any se- 
quence of ports 'a', 'b1, and 'c1.  From Eq. (5-3) the 
transmission parameters for the model are computed to be: 
S,  = +.623, S   = +.528, S . = +.208 ba  —      ca  —      cb  — 
One finds from a comparison with the equivalent circuit 
that S,  and S  must be positive and S , negative. jDa     ca CJD 
Expressed in complex notation these are: 
S. = .623ej0°, S  = .528ej0°, S .= .208ejl80° ba ca cb 
According to this S-parameter estimate, set 1 
of Table III-4 provides the correct set of reflection 
parameters: 
46 - 
S  = .602E 3177.5°  g    >813£ jl3.1°  g  = Q22e   jl2.8° 
aa bb cc 
and also the correct set of transmission parameters: 
S, = .524e":j5"30/ S  = .617ejl,5°, S ,= .124e3l65° . ba ca cb 
S  , S,, , and S  are slightly capacitive which can be 
aa  DO      cc 
explained by line-end fringe capacitances.  The transmis- 
sion angles of S.  and S^ differ little from 0° and the Da       Ca 
angle of S , is close to 180° as predicted.  The differ- 
ence in the magnitude of the coupling coefficients S, 
and S„= is the most significant difference observed.  In ca 
the simple model, it was predicted that 
S,   >  S 1
 ba'   ' ca' 
whereas from measurements one finds 
lSbal < lScal  • 
The incident wave apparently couples stronger to the 
inner gap ('c') than to the outer gap ('b')- 
This fact can be understood by considering the 
field distribution of the incoming wave.  In the normal 
filter the width of gap 'c1 (0.040") is not very dif- 
ferent from the width of gap 'b' (0.029"), but the mag- 
netic and electric field intensity at gap 'c' is much 
stronger than at gap 'b*.  This is due to the fact that 
both fields vary inversely with the radius. 
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This coupling behavior agrees with the previous 
finding that Z, had to be reduced to Z.T (gap 'b') and Z_ 
increased to Z' (gap 'c') in order to optimize the computer 
model.  The weaker coupling to gap 'b' can be described by 
a (<1):1 transformer which gives the proper Z" and the 
stronger coupling to gap 'c' by a (>1):1 transformer which 
transforms Z„ to Z~.  This is shown in Figure 5-4. 
The exact turns ratio of the two ideal trans- 
formers are related to the impedance ratios by 
n ,   /Z," 
-Si =/-i < 1,     and (5-4a) 
nbl   Zl 
na2  /^2 
-H± =/-± > 1. (5-4b) 
nc2    Z2 
Z1 and Z_ are the actual characteristic impedances of the 
coaxial sections calculated from the coaxial line dimen- 
sions (with the proper e   ff), Z" and Z'  are the cor- 
rected values to get a computer match to the measured 
performance.  Double indices are used in the transformer 
ratios:  the letter indicates the port, the number indi- 
cates the filter line. 
The equivalent circuit of the normal filter is 
then as shown in Figure 5-5.  For completeness, some 
fringe capacitances are included (dashed), but they may 
be omitted as insignificant in the computations. 
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ZQ      a 
T ^b       Zi 
^j^ C        Lz 
(>i): i 
FIGURE 5-4. EQUIVALENT CIRCUIT OF MODIFIED 
SERIES COUPLING  TO NORMAL 
FILTER. 
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I   nbl'nai 
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^-OUTER LINE 
JNNERLINE-x 
Or   z*_E 
na2: nc2 I   I   nc2.n 
-Q 
a2 
FIGURE 5-5. NORMAL FILTER EQUIVALENT CIRCUIT. 
noz^ehV^   'Li"b2:n aZ 
^-OUTER LINE 
INNER LINE-^ 0 
T" Zi ^T^ 
nai'nci nci'-nal 
FIGURE 5-6. INVERTED FILTER  EQUIVALENT 
CIRCUIT. 
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If the transformers were included in the compu- 
tations of Figure 4-4 the computed losses would increase 
and match the measured losses. 
To accurately model the inverted filter, lines 1 
and 2 have to be interchanged as shown in Figure 5-6. 
This implies a modification of Equations (5-4a) and 
(5-4b) to 
(5-5a) 
na2 
= J /
Z2 
Z2 
< 1, and 
nb2 
al 
cl 
= • 
Zl 
> 1 (5-5b) 
The new equivalent circuit acts as if a smaller Z_ and a 
larger Z-, were present, which according to Figure 2-2 
decreases the isolation. 
One observes from Figure 4-5, that in the case 
of an inverted filter the computed and measured trans- 
mission loss minimum deviates oppositely compared with 
the normal filter.  The inverted filter equivalent cir- 
cuit of Figure 5-6 would match this computed performance 
to the filter's measured performance. 
The impedances seen looking into the trans- 
formers from the connecting lines (Z.T and Z^) are iden- 
tical with those used earlier in the computation which 
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reproduced the measured transmission characteristic 
(Figure 3-2).  This reinforces the validity of the 
equivalent circuits of Figures 5-5 and 5-6 for the des- 
cription of the filter. 
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CONCLUSIONS 
The coaxial phase-shift filter is a compact de- 
vice which can find application as a microwave bias fil- 
ter, a bandstop filter and as a non-contacting sliding 
short.  In a coaxial air line the realization is possible 
without changing the inner or outer conductor.  Only two 
cylinders, a metal sleeve and a dielectric (alumina) 
sleeve, both thin-walled and concentric, have to be in- 
serted between the inner and outer conductors of the 
coaxial line.  The dielectric sleeve provides a nonmetallic 
sliding guidance essential for a smooth, low loss tuning at 
microwave and millimeter wave frequencies.  This tunability 
in position allows the filter to play an important role in 
circuit tuning. 
The characteristic behavior of the filter can be 
predicted from two series connected transmission lines 
with the four parameters:  Z,/Z , Z~/Z , £,, and H~.     It 
was recognized that small air gaps adjacent to the dielec- 
tric sleeve (of relatively high e ) cause a large fre- 
quency shift.  Also, it was seen that the connecting 
coaxial lines couple stronger to the inner gap than the 
outer gap because of the stronger electric and magnetic 
field distribution which varies inversely with the radius. 
This results in an attenuation level different from pre- 
dicted for the assumed model. 
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A new equivalent circuit, which takes these fac- 
tors into account, was therefore introduced and it well 
matches the measured transmission characteristic.  In 
this circuit the effect of the air gaps is described by 
an effective dielectric constant e   ££ < e .  The pre- r eff   r      * 
ferred coupling to the inner gap is included by the 
introduction of transformers.  The relative isolation 
bandwidth achieved ranged from 45 to 14.5% for minimum 
isolations from 2 0 to 40 dB with dimensions chosen to be 
compatible with scaling the model to millimeter-wave 
frequencies. 
Further study on this filter could include 
replacement of the metal cylinder with a thin-film metal- 
lization of the alumina surface.  This would cut the num- 
ber of parts from two to one and also eliminate one of 
the two unwanted air gaps that reduce the effective 
dielectric constant of the alumina in the circuit. 
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APPENDIX I 
Higher Order Modes in the Coaxial Filter Structure 
Coaxial transmission lines are normally operated 
in a frequency range where only the fundamental TEM mode 
propagates.  Above certain critical frequencies other 
higher order modes exist.  They are divided into two 
classes, the transverse electric TE   types and the 
mn 
uc 
trans-verse magnetic TM  types, where m is the angular 
and n the radial index.  For each mode there is a dif- 
ferent critical or cutoff frequency f .  Below f  any 
excited field decays exponentially, above f  the field 
is periodic and propagates.  Comprehensive literature 
ft    7 describing these modes is available. ' 
The cutoff frequencies are a function of the 
coaxial line diameters and the dielectric loading.  Their 
sequence of appearance starting with the lowest cutoff 
frequency is TE.,,, TE2,, TE~, and TM-,, if the ratio of 
inner to outer coaxial diameter is larger than 0.25. 
This condition holds for all the cases considered here. 
In connection with the investigated filter 
there are 5 different coaxial lines for which we are in- 
terested in knowing the cutoff frequencies.  One line is 
the connecting line, a standard 14 mm line.  Then there 
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are two filters, each with two lines.  One is the normal 
filter, described in Chapter 3, which has an outer air 
gap and alumina loading in the inner gap.  The other is 
the inverted filter where the loading in the gaps is 
interchanged. 
Alumina has a dielectric constant e  = 9.3. 
With a perfect alumina loading one would have to use 
this dielectric constant.  There are however unavoidable 
air gaps between the alumina and the metal boundaries 
which result in a lower effective dielectric constant, 
e   £c.     For the TEM mode e   cc  is determined in r eff r eff 
Chapter 4.  It was found to be e   cc  « 6.6 for the c r eff 
normal filter and e   ^ ^ 7.8 for the inverted filter. 
r eff 
Each higher order mode may have a different e   f_, but 
for a first-order approximation of their cutoff fre- 
quencies e   ff as determined for the TEM mode is used. 
Table 1-1 at the end of Appendix I contains the 
larger diameter D and the smaller diameter d of each 
coaxial line with A /D for each of the lowest 4 higher- 
order modes.  A  is the cutoff wavelength in air.  A /D 
is taken from tables in the literature.  The cutoff fre- 
quency f  is then computed for each line.  In the case 
of alumina filled lines it is given for e   _,. 
^ r eff 
e  « 9.3.  The cutoff frequency follows with 
and 
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c 
where c is the vacuum light velocity. 
The heavy lined boxes in Table 1-1 indicate 
whether a higher order mode exists for a realizable 
filter in the considered frequency range below 9 GHz. 
The standard 14 mm line is free of higher order 
modes. 
In the normal filter the TE.., mode can propa- 
gate above 5.1 GHz in the inner line and above 7.0 GHz 
in the outer line. 
In the inverted filter no higher order modes 
exist in the inner line, but in the outer line the TE,. , 
TE21' and TE31 do occur below 9 GHz at 2.67, 4.85, and 
8.1 GHz, respectively.  In order to reduce higher order 
mode interference the normal filter is preferred.  These 
results are consistent with the observation of higher 
order modes in the input reflection of the alumina loaded 
gap as shown for the normal and inverted filter in 
Figures 4-1 and 4-3.  Here 5.35 and 2.95 GHz are the low- 
est observed higher order mode resonances, respectively. 
In a filter with perfect rotational symmetry 
the higher order modes cannot be excited from an in- 
coming TEM wave.  With small rotational asymmetry the 
higher order modes are coupled so weakly, that their 
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influence on the filter performance is negligible, except 
when there is a higher order mode resonance in the band 
of interest.  A resonance occurs if the filter length 
L is approximately an integer number of half waveguide 
wavelengths A  long for the specific higher order mode, 
i.e., 
L « n Y~ (1-2) 
where A  is related to the cutoff wavelength A  by 
\>A K = d-3) 
W
   /  A ,r  2 
c 
and A  is the vacuum wavelength at the considered fre- 
quency. 
For the TE,, mode the alumina loaded inner line 
of the normal filter is approximately A /2 long at 7 GHz. 
The two resonances seen in Figure 3-5 are therefore A /2 
resonances of the two orthogonally polarized TE,, modes. 
The two modes act as two coupled cavities which results 
in a double-humped frequency response.  The small shift 
in frequency from 7 GHz can be explained with a different 
e   f _ for the higher order mode in place of e   f,. for 
the TEM mode. 
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TABLE 1-1 
Higher Order mode Information for the Normal 
and Inverted Configurations of the Phase-Shift Filter 
Higher 
Order 14mm Inner  Outer    Inner Outer 
Mode 
D(") 
Line 
0.562 
Line   Line     Line 
0.325   0.562     0.278 
Line 
0.562 
d(") 0.244 0.244   0.504     0.244 0.423 
TE11 A /D 
e
r eff 
2.20 
1 
2.8 3.0 3.0 
1 
2.8 
6.6 1 7.8 
fc(GHz) 
e
r 
9.4 5.1 7.0 14.2 2.67 
9.3 9.3 
fc(GHz) 4.3 2.45 
TE21 A /D 
e
r eff 
1.15 
1 
1.40    1.62 
6.6      1 
1.61 
1 
1.48 
7.8 
fc(GHz) 
e 
r 
17.5 9.6     12.9 
9.3 
26.5 4.85 
9.3 
fc(GHz) 8.1 4.45 
TE31 A /D c' 
e
r eff 
0.80 
1 
0.92    0.99 
6.6      1 
0.98 
1 
0.92 
7.8 
fc(GHz) 
e
r 
26.3 15.4    21. 
9.3 
43. 8.1 
9.3 
f (GHz) 
c 
14.0 7.5 
™01 A /D c 0.57 0.25    0.10 0.11 0.25 
e
r eff 1 6.6      1 1 7.8 
fc(GHz) 36.3 57.     210. 387. 30. 
e 9.3 9.3 
'c(GHz) 48. 28. 
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APPENDIX II 
The 3-Port Coupling Model Reflection and 
Transmission Coefficient Equations 
The 3-port coupling circuit shown in Figure 5-3 
is relabled as shown in Figure II-l.  Here the three 
ports are identified as n, n+1, and n-1. 
n + i 
n-i 
n + l 
Zn-i 
FIGURE H-l. CIRCUIT   MODEL FOR  DERIVATION 
OF S-PARAMETERS. 
If a generator with internal impedance Z = Z  is 
connected to port n, the load impedance Z  is the series 
connection Z , , + Z  , 
n+l   n-1 From standard transmission line 
equations the reflection coefficient is then simply 
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z-z   z ,.+ z , - z 
q  _ L o _  n+1  n-1   n ,   .. 
nn   ZT+Z    Z ..+ Z  . + Z V-LJ—x; L  o    n+1   n-1    n 
where n, n+1, and n-1 can be cycled in any a, b, c se- 
quence, to return to the port labeling used in Figure 5-3. 
The specific reflection coefficients S  , S,, , and S 
^ aa  bb      cc 
follow directly from the general equation (II-l).  One 
has explicitly, 
Z. +Z   -Z                    Z   +Z   -Z. Z  +Z.-Z 
_     b    c     a c     _     a     c     b ,   _     _     a     b    c      ,TT   0» baa~  Z  +Z.-Z   ' bbb     Z +z. +Z   ' ana    cc"  Z  +Z, +Z        U-i-^J 
abc                   abc abc 
To solve for the transmission coefficients S, , ba 
S  , and S , the three unitary conditions for the assumed Ca CD 
lossless 3-port are used: 
lSaa!2 + ISbaI2 + IScaI' = 1 (II"3-1) 
lSbb!2 + ISba!2 + lScb'2 = 1 (II"3'2) 
lScc!2 + lSca!2 + lScb!2 = X       (H-3.3) 
Solving Eq. (II-3.3) for |S . | : 
lScb!2 = X " 'Scc|2 - lScb!2       (II"4-1) 
Substituting |S ,|  into Eq. (II-3.2) and solving for 
|S  |2: 1
 ca' 
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KJ2   =   ISKK!2   -    |S      I2   +    |S,     |2 (II-4.2) 1
   ca ' '   bb' '   cc ' '   ba ' 
2 ") Substituting |s  |  into Eq. (II-3.1), the unknown |S, | 
can be written in terms of all known reflection coeffi- 
cient quantities (Eq. (II-2)): 
lSba!2 - y U - |Saa|2 - |Sbb|2 + |Soc|2]  (II-5.1) 
Solving in turn for the other two transmission unknowns 
2 2 
Is  I  and Is , I  in terms of known reflection coefficients 1
 ca■      ' cb' 
one obtains: 
lSoal2 = I [1 - lSaal2 + I Sbb 12 " lSocl2'  <""5-2) 
lScbl2 ~\  '1+ lSaal2 - lSbb!2 " lSccl2>  <11"5-3' 
The transmission coefficients, Eq. (II-5) may be 
written in terms of the load and characterisic impedances, 
or more specifically in terms of Z , Z, , and Z .  |S, |, 
Is  |, and Is , I expressed in this way are then: 
ca        CD 
2(Z -Z, )1/2 
lsbal =-z-TzTTz (II"6-1) 
a  b c 
2(Z -Z )1/2 
lScal - -Z-TZTTZ (II"6-2) 
a b c 
2(Z, -Z )1/2 
lScbl = z +zjz (II"6-3) 
a  b c 
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or written in a more general form: 
2(Z   A1-Z   )1/2 
lSn+l,nl   "    2 ff, D1+Z <""7> n+1  n-1  n 
where the indices n, n+1, and n-1 stand for any sequence 
of the ports a, b, and c. 
Since the load and line impedances Z , Z, and 
Z  are real quantities, S  ,   is also real (i.e., its 
phase angle is either 0° or 180°).  Therefore Eq. (II-7) 
can be written 
2(Zn+l'Zn)1/2 Sn+l,n =  Z~~TTz     7+Z (H-8) 
n+1     n-1     n 
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APPENDIX III 
Characterization of a General Reciprocal 3-Port from 
Measurements at One Port Only 
A.  Theoretical Basis for Determining the 3-Port 
Y-Parameters 
Considering the 3-port junction shown in Fig- 
ure III-l, an arbitrary reference plane P. is established 
at each port. 
FIGURE UI-i. GENERAL MICROWAVE  3-PORT. 
Since short-circuits will be used as reference 
impedances located either at the reference planes P. or at 
electrical lengths I.   displaced from the reference planes, 
it follows that the use of Y-parameters is the most 
straight-forward approach for evaluating the 3-port.  The 
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currents and voltages in the reference planes are related 
o 
to each other by: 
li = yn vi + y±2 v2 + yia v3 
i2 = y21 Vl + y22 V2 + y23 V3 
l3   =  y31 Vl + y32 V2 + y33 V3 
(III-l) 
or in matrix form: 
11 
21 
31 
12 
22 
32 
-     ~ 
13 Vl 
23 V2 
33 
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(III-2) 
or I = [y]V 
where [y] is the admittance matrix which characterizes the 
network. 
If the junction is reciprocal, y = y  and the J r
      
J
nm  -'mn 
matrix Eq. II-2 becomes: 
yll  y21  y 
y21  Y22  Y 
y31 y 32 
31 V 
32 V2 
33_ _V3_ 
(IH-3) 
The object of this section is to show how the 
admittance parameters y,,, Yoo'   y33' y21' y31 anc^ y32 may 
be obtained by measurement of only reflection coefficients 
at port 1 when shorts or other well defined impedances are 
placed on ports 2 and 3.  Well defined impedances are most 
- 66 - 
easily achieved by placing shorts a known electrical length 
I.   from the reference plane P.. 
(1)  If port 3 is short-circuited (i.e., v., = 0), 
Eq. III-3 becomes: 
il = Yll Vl + Y21 V2 
i2 = Y21 Vl + Y22 V2 (HI-4) 
l3  = Y31 Vl + Y32 V2 
where only the equations for i, and i~ are meaningful. 
Now, let port 2 be terminated in a load of admittance 
YL21' i,e'' i2 1 = ^YL21^ X ^~V2 1* '  Equation III-4 
becomes 
^,1 = Yll Vl,l + y21("i2,l/yL21)       (HI-4.1) 
^,1 = Y21 Vl,l + Y22(-i2,l/YL21)       (HI-4.2) 
Solving Eq. III-4.2 for ±2   , : 
Y2 1 Vl 1 i0 T = -, '   —^— (III-4.3) 
2,1   1 + Y22/YL21 
Substituting this into Eq. III-4.1, and rearranging, one 
obtains an expression for the measured input admittance 
Y.  , in terms of the load admittance on port 2, y „, , 
in, x. j_iZ-L 
(remembering that port 3 is short circuited) and three 
unknown y-matrix parameters y.,, y?9/ y?1: 
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Xlfl                          y21   /yL21 ,___   _. Y.      ,   =  '-— =  y,,   -   T— 7 (III-5) 
mfi  vlfl  yn  i + y22/yL21 
Rearranging vTp-i in Eq. III-5, and, repeating the 
procedure with two more known loads on port 2, yT?? and 
yT„-., one obtains three equations 
2 
Y    = 3"1^1 =     _   Y21 
in,l   v^   yll " y22+ yL21 
2 
Y.  ~ = -±*-=-  = y,, ^ (III-6) 
xn,2  v1#2  ll  y22+ yL22 
11,3 Y21 
Y
^ ■> = TT1— = y     
2 
in,3 vlf3 m  y22+yL23 
where, of course, we relate the input admittance Y.    to 
'
c
m,n 
the measured reflection coefficient F.    by the equation in, n 
i - r. 
_ m,n 
in,n   1 + T. 
m,n 
(III-7) 
2 
Solving Eq. III-6 for y-. : 
y212 = (yll " Yin,l)(y22 + yL21> (III"8> 
y212 = (yll " Yin,2)(y22 + yL22) ("1-8.1) 
*21     = (yll " Yin,3)(y22 + W      (m-8.2) 
2 
Combining Equations III-8 and III-8.1 by eliminating y,,, 
and solving for y.., we obtain: 
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Yin,l yL21   Yin,2 yL22 " yll(yL21 yL22)  ,___ Q, y22 = Y.  , - Y.  .   (III"9) 
xn, 2    in, 1 
Likewise, combining Equations III-8 and III-8.2 by again 
2 
eliminating y~,  and solving for y22' one obtains: 
Yin,l yL21 ~ Yin,3 YL23 * Yll(yL21 " YL23} -XTT _ _ . y   = Y.  , - Y.  .  (IH-9.1) 
in,3    in,1 
Equating Equations III-9 and III-9.1 and eliminating y^?' 
we obtain an expression for y,, in terms of solely measured 
reflection coefficient values (i.e., converted to admit- 
tance) and known port 2 load values: 
(Yin,l"Yin,3) (Yin,l yL2l"Yin,2 yL22}  
Yl1
 " 
(Yin,l-Yin,3)(yL21-yL22)^Yin,l-Yin,2)(yL21-yL23) 
(111-10) 
(Y.  ,-Y.  „)(Y.  , yTOn-Y.  _ yT,.) 
  m,l  m,2   in,l JL21  in,3 JL23  
(Yin,l-Yin,3}(yL21-yL22)-(Yin,l-Yin,2)(yL21-yL23} 
Thus the first, y, -, , of the six y-matrix parame- 
ters that characterize the reciprocal 3-port has been 
determined.  Knowing y,, now allows y»_ to be solved from 
either Eq. III-9 or Eq. III-9.1.  Now knowing y., and y22 
2 
allows the term y-,  in Eq. III-8 to be determined.  Un- 
fortunately without any additional information only the 
magnitude of y~, can be determined.  Since y„. is a com- 
plex number the two roots will be 180° apart in value. 
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From the short circuit of port 3 one has thus 
been able to obtain y,, , y?o/ and |y?-i | •  Short cir- 
cuiting port 2 and taking two additional input reflection 
measurements for two loads on port 3 allows y-.-. and ly^-i | 
to be determined.  This shall be done next. 
(2)  If port 2 is short-circuited (i.e., v~ = 0) , 
Eg. III-3 becomes: 
il = yll Vl + Y31 V3 
i2 = y21 Vl + y32 V3 (III-1D 
i3 = y31 Vl + y33 V3 
where only eguations for i, and i., are meaningful.  Since 
y,, is known, we have two unknowns:  y_  and y^o-  Thus 
two measurements should be sufficient to solve for these 
values. 
If port 3 is terminated in a load of admittance 
y .,, , i.e., i_ , = (y _. ) x (-v., ,), an expression for 
2 
y,.,  similar to Eq. III-8 is obtained.  In particular: 
y312 = (yll " Yin,4> (y33 + W        (IH-12) 
where Y.  ..is the measured input admittance (from the 
reflection measurement) when port 3 has yT-D-i as the load. 
Again, if port 3 is now terminated with a load 
2 . y ,.„, another expression for y^,  is obtained in terms 
of the measured input admittance Y.  ..: 
^ m, 5 
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y3l' = (yll " Yin,5)(y33 + yL32>    (""".l) 
Equating Eqs. 111-12 and III-12.1 and solving for 
the one unknown y33/ we obtain: 
Yin,4 yL31 " Yin,5 yL32 " yll(yL31   yL32} ,TTT .-. y33 = £ Y. '  - Y. A  (IH-13) 
m,5    in,4 
2 
Now, using y-., from Eq. 111-13 one can solve for y^, , 
which yields |y3-i|/ from either Eqs. 111-12 or III-12.1. 
At this point five of the six unknown y-parameters have 
been determined. 
(3)  Determining y.„.  If ports 2 and 3 are ter- 
minated in loads y„ and y-», respectively, Eq. III-3 becomes: 
il = yll Vl " (y21/y2}i2 " ^31/^3)±3 (HI-14) 
i2 = y21Vl " (y22/y2U2 " (y32/y3U3      (IH-14.1) 
i3 = y31Vl " (y32/y2}i2 " (y33/y3U3      (HI-14.2)' 
Solving Eq. III-14.2 for i.,: 
y31 Vl " ^32^2^2 ,TTT .. ,. 
x3 =        i + (y33/y3)        (IH-14.3) 
Using Eq. III-14.3 for i_, Eq. III-14.1 is solved for i„: 
Vl(y21 y3 + y21 y33 " y31 y32> 
x     =  _      (III-14.4) 
(y3+ y33)(i + y22/y2)-(y32) /y2 
, using Eqs. III-14.3 and III-14.4 for i_ and i_, respec- Now 
tively, Eq. 111-14 is solved for i, in terms of v,, the 
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unknown y„ and all the other known admittance quantities, 
In particular, 
2  r 
xi  = vi Yii- 
31 
11 y-+y 
21 ^3 Yo + Y91 Yo„- Y 21 ^33  '31 '32 
21 
3''33 
y31 y32 
y2(y3 + y33) 
(y3+y33)(i+y22/y2)-(y32) /y2 
(III-14.5) 
Since in/v, = Y.  which is the input admittance that is 1  1   in c 
obtained directly from the measured reflection coefficient 
through Eq. III-7, one now obtains an equation which con- 
tains the unknown y-« and where all other terms are 
known: 
xn 
31 
11
   
y3+y33 
21 + y 21 *33 - y 31 y32 
{y3+ Y33)(1+y22/y2)-(Y32) /y; 
21 Y31 y32 
y0(yo + y„) 2VJ,3 33' 
(111-15) 
After some laborious algebraic manipulations and 
arrangement of terms, the following equation in terms of 
'32 is obtained. 
(y32) 
yll~Yin 
y3+y33 
+ y ■
2y21y31 
32
 
y3+y33 
+
   
(y2+y22)(Yin-yll 
(y31> 2 4' + (Y21>   = ° (111-16) 
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Equation 111-16 will be recognized as a quadratic equation 
which has the solution: 
-  b +   (b2   -  4ac)1/2 
where a  = 
•*32 2a 
*11   -  Yin 
y3  +  y33     ' 
(111-17) 
.    ~
2
 
y2i y3i b    =    ;     , 
Y3  +  y33 
(y31) 2 
c  =   (Yo  +  y0J (Y.   -  y,,   +  fi )   +   (y~,) w2        -*22        in     -^ll        y_   +  y^o ^21 
It will be recognized that for unique values of 
all the y-parameters, two values for y-.? are possible. 
However since y2, and y.,, each have roots that, in the 
complex plane, are 180° apart, taking the four possible 
combinations results in two magnitudes for Yr>?r   with each 
magnitude consisting of a positive and a negative complex 
value (i.e., roots 180° apart in the complex plane). 
In summary, equations 111-10, 9, 8, 13, 12 and 
17 solve for the y-parameters:  y,,, y.„, + y2-i/ Y-3-a' 
+ y31, and + y32. 
B.  Y-Parameters of the 3-Port Coupling Junction in the 
Normal Filter Determined by Measurements 
If short-circuits are placed a mechanical length 
L. from the reference plane P. (Figure III-l) and the wave- 
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length in line i is A.., the load reflection coefficient r . 
at plane P. is given simply by 
j(180°- XT72"360O) 
l 
(111-18) 
Six short combinations are required to charac- 
terize the 3-port.  For the circuit of Figure III-2, mea- 
sured T. 's as a function of L„ and L_ are listed in in 2      3 
Table III-l. 
MEASURING 
PORT 
r        WAVELENGTH 
SHORTS 
WAVELENGTH 
^3 
FIGUREm-2. 3-PORT WITH PLACEMENT OF REFERENCE 
PLANES AND REFERENCE SHORTS. 
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TABLE III-l 
Measurement Set for Coupling 3-Port 
f = 6000 MHz 
X2  = 1.969 Inches 
X~  = 0.646 Inches 
Measured r r 
Measurement   2       2        3      3 in 
1 -0.424" lc^25° 0 1^180° .830^12'6° 
2 -0.629" 1^50° 0 1^180° .860e^149-5° 
3 -0.780" le^105° 0 le^180° .905£^140-4° 
4 0 1^180° 0.0445" 1^130° .956e^157-4° 
5 0 1^180°     0.1075"     le^60°        . 980e^169- 6° 
-i25° -il30° il 7   2° 6 -0.424"  le JZO        0.0445" leJA-:iV        . 822e:|-L''z 
After converting the r..  and measured r.  to the 
^     I's in 
corresponding admittance values (Eq. III-7), the eight pos- 
sible Y-parameter combinations are computed.  This is done 
using equations (111-10), (III-9.1), (III-8), (111-13), 
(111-12) and (111-17).  The combinations are listed in 
Table III-2. 
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C.  Conversion of 3-Port Admittance Matrix to Equivalent 
Scattering Matrix 
For more convenient further discussion of the 
3-port, the Y-matrix is converted into the equivalent 
scattering matrix. 
The scattering matrix [S] of a junction is de- 
9 
fined in terms of its admittance matrix [Y] by 
[S] = [I - Y] [I + Y] -1 (111-19) 
where I is the unity matrix. 
For a 3-port reciprocal junction Eq. 111-19 
becomes 
Sll S21 S31 
S21 S22 S32 
S31 S32 S33 
1
"
yll _y21 "y31 
-Y21 l-y22 "y32 
"
y31     "y32   1_Y33 
1+y 11 
12 
y13 
12 13 
Yio i+y 22 
23 
23 
1+y 33 
-1 
(III- 
20) 
Evaluting the inverse matrix 
[I + Y] -1 DET [I+Y] 
Cll C21 C31 
C12 C22 C32 
C13 C23 C33 
(111-21) 
where c, . is the transposed cofactor of the matrix [I + Y] 
and the cofactor c., is 
cik - (-1) i+k M ik 
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where M., is the minor of the element a., of the original 
matrix. 
Specifically, 
Cll = 1  +  Y22 + Y33 + Y22 Y33 " (Y32)2 
C12 = C21 = Y31 Y32 " Y21 " Y21 Y33 
(111-22) 
C13   C31   Y21 Y32 " y31   Y31 Y22 
C22 = X + Yll + Y33 + Yll Y33 " (y31)2 
C23   C32   Y21 Y31 " Y32   Yll Y32 
C33 = 1  +  Yll + Y22 + Yll Y22 " (Y21)2 
DET[I+Y] = i + yxl + y22 + Y33 + ylx Y22 
+
  
Yll Y33 + Y22 Y33 + Yll Y22 Y33 
+ 2 y21 y31 y32 - y^2   -  y^2   -  y^2 
" 
Yll Y322 " Y22 Y312 ~ Y33 Y2^ 
Now, performing the matrix multiplication of 
[I-Y] by the inverse matrix, one obtains the scattering 
parameters in terms of the admittance parameters: 
(1-y,,)(1 + y  + y  + y   y  - y   ) 11   DET[I+Y] r-1- *11' lJ"   *22  T33  ^22 ^33  ^32 
- (y21)(y31 y32- y21- y21 v33) 
" (y31)(y2i Y32" Y31" Y31Y22} 
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22   DET[I+Y] 
33   DET[I+Y] 
21   DET[I+Y] 
31   DET(I+Y] 
32   DET(I+Y] 
i-y22) (i + yxl+ Y33+ yn Y33- y31 ) 
y21} (y31 y23 " y21 " y21 y33> 
y32>(y21 y31 " y 32 '11 y32) 
i-y33)(i + Y1±+  y22+ ylx y22- y21 ) 
y31)(y21 y32 - y31 - y31 y22} 
y32)(y21 y31 " y 32 
1
"
yll)(Y31 y32~ y21 
11 J32 
" 
y21 y33} 
y„)J   (111-23) 
y01) (i + yni+ y„ + Y±1  y33- y31 ) 21' 
y31)(y21 y31 " y32 " yll y32> 
11' -*33 
r
i-ylx)(y21 y32 y31 " y31 y22> 
y21}(y21 y31 " y32 " yll y32} 
yoi)(l + y-M+ Yoo+  Yn Yoo" Yoi*) 31 11' '22" -'ll ^22  '21 
i-y22)(y21 y31- y32- yxl y32) 
y21}(y21 y32 - YOT - Yoi y,0) 31 31 *22 
yo9)d + Yn+ y90+ Yn Y11-   Yon ) 32 11' *22' -*11 ^22  *21 
where DET[I+Y] is obtained from Equation 111-22. 
Using the derived equations (Eq. (111-23), the 
Y-pararaeters of Table III-2 are transformed into the 
equivalent S-parameters contained in Table III-3. 
- 79 - 
I 
H 
H 
H 
H 
CN 
I 
H 
H 
H 
CD 
o o 
o vo 0 lO 
(X> • o o 0 o cn •    ■ 
• en "* rH •<* rH * cn 
cn o • • • • cn o 
cn rH O O o O cn H 
•n -l—l r^ CO r~> 00 -i—i •ro 
CN 1 1 •n ■n -n ■n 1 1 
oo OJ OJ OJ OJ OJ OJ OJ OJ 
to •^ O o ■«* o ^r •>* o 
CN O o CN o CN CN o 
H oo en r-i oo rH r-i 00 
o o o O 
LO H rH in 
■ • o 0 • • O 0 
oo o en IT) O ro in cn 
o o • * o o • • 
H rH en <£> H H ys> cn 
rH -n •n r-» r- •n ■n r* r-» 
oo 1 I •n •n 1 1 •i—> -i—i 
CO U) OJ OJ OJ OJ OJ OJ OJ 
r- CTl cn r-~ cn r~ t->- cn 
rH r» r» r-\ r-~ rH <-\ r-» 
vo in m <£> in <£> KO in 
o O 
oo 0 o cn 
• «* ** ■ o o o o 
in ■ • in vo t^> r~ vo 
VD CTl en (£> • • • • 
rH r- i^ H o *3< *a< o 
■n H rH •n •i—i <-\ rH -n 
rH 1 •n •n 1 1 •n •n 1 
CN OJ 0) OJ OJ OJ OJ OJ 0J 
co *# IT) ID *=r in ■>* •^ in 
CN CTl cn CN cn CN CN cn 
LD ■* •"31 in ■^ in in •*r 
m 
CO 
cn 
CO 
CN 
CN 
CO 
CO 
0 0 o o o o 0 0 
CN in in CN m CN CN in 
r- <D <£> r- >£> r» f« VO 
00 cn 00 00 00 00 cn 00 
H H r-i rH rH rH rH rH 
•n •n •n -n ■n TO •n •n 
OJ 0J 0J OJ 0J 0J OJ 0J 
CN CN CN CN CN CN CN CN 
CN VO <£> CN V£> CN CN IX) 
CO CO CO CO CO CO 00 CO 
o 0 0 o 0 o 0 o 
cn «* ■* cn •stf cn cn ■«tf 
<x> CN CN »£> CN W3 <£» CN 
CN 00 00 CN 00 CN CN 00 
-l—l -n •n -n -1—1 -n ■n -n 
0J 0J 0J 0J 0J OJ OJ 0J 
00 •* ■>* 00 off 00 00 <3< 
rH CO CO H CO H rH CO 
CO CO CO CO CO CO CO CO 
o o o 0 
m m in in 
• 0 o • o • • o 
r- o o t^ o r-~ l-~ o 
r~ r»« r^ r- r^ r- r- r^ 
r-i rH T-f rH rH H r-\ rH 
■r-i •1—1 -n -r> •1—I •r-i •n ■n 
0J 0J 0J 0J 0J OJ 0J OJ 
CN o o CN o CN CN o 
O 00 ro O oo O O oo 
VO IX> KD V£> VD VD VD »x> 
I 
I fO G 
SCO 
0 -H -H 
CJ XI -P 
CN 00 
-   80   - 
in M3 OO 
D.  Transformation of the Scattering Coefficients by Change 
of Reference Planes 
In the measurements of the coupling 3-port, the 
shorts must be placed away from the very junction at a 
distance where the transient fields have died off and only 
the TEM wave is present.  The measuring plane P, could be 
placed at the very junction, but P„ and P_ were placed at 
distances L„ and L.,, respectively, away from the junction. 
L„ corresponds to an angle 8_ and L^ to an angle 8~. 
Pi 
L2(02) 
//////// 7—r / / / / 
x: 5; 
METAL 
SLEEVE 
• • . • 3 •. ••.••••••• 
•...•»   » • . • » .. 
X 
t^ 
L3(^)- 
ALUMINA 
SLEEVE 
/////////////// 
FIGURE UI-3. SELECTION OF REFERENCE  PLANES. 
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In order to characterize only the junction itself, 
reference planes P~ and P_ have to be moved to correspond 
with P,. 
If reference plane P  and reference plane P  are 
P q 
shifted closer to the junction by 6  and 8 , respectively, 
only the angles of the scattering parameters are affected. 
If the S  's are the original S-parameters, then the new 
S-parameters S  " after the transformation are 
pq  "pq 
S^ ' = S „ e   p  q (111-24) 
where p and q can assume the values, 1, 2 or 3. 
The data of Tables III-l, III-2, and III-3 taken 
at 6000 MHz are based on 
Lx = 0 
L2 = 0.875", 62 = 320° 
L3 = 0.188", 63 = 210° 
To describe the 3-port junction of Figure III-3 
with infinitely small mechanical length the transformation 
(Eq. (111-24) has to be applied to all the scattering 
coefficients in Table III-3. 
Table III-4 contains the scattering parameters 
S "  of the junction with zero mechanical connecting length. 
P q       J *   y 
These are used in Chapter 5 for discussing the phase- 
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shift filter.  Index 1, 2, and 3 correspond to ports a, 
b, and c, respectively used in Chapter 5. 
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